The electron temperature at stagnation of an ICF implosion can be measured from the emission spectrum of high-energy x-rays that pass through the cold material surrounding the hot stagnating core. Here we describe a platform developed on the National Ignition Facility where trace levels of a mid-Z dopant (krypton) are added to the fuel gas of a symcap (symmetry surrogate) implosion to allow for the use of x-ray spectroscopy of the krypton line emission. Published by AIP Publishing. [http://dx
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I. INTRODUCTION
Accurately characterizing the stagnation conditions achieved in indirect drive inertial confinement fusion implosions 1 is key to achieving ignition on the National Ignition Facility (NIF). 2, 3 The inference of ion temperature from neutron spectral measurements in indirect-drive ICF implosions is known to be sensitive to non-thermal velocity distributions in the fuel. 4 The measurement of electron temperature (T e ) inferred from x-ray emission should not be sensitive to these bulk motions and hence may be a better measure of the thermal temperature of the hot-spot.
A series of experiments have been conducted on the NIF where a small concentration of mid-Z dopant (krypton) is added to the fuel gas of a symcap 5 implosion. The x-ray spectra are measured using a number of time-resolved and timeintegrated, spectrally resolved x-ray diagnostics to evaluate the feasibility of using dopant line ratios for a T e measurement. [6] [7] [8] [9] In ignition-relevant capsules, which cannot have a dopant in the fuel, electron temperature will be measured by the slope of the continuum x-ray emission, and this measurement can be benchmarked against the Kr-doped surrogate.
II. THE KRYPTON SYMCAP PLATFORM

A. Selection of a dopant
The addition of a dopant to a capsule fuel gas must be carefully chosen to satisfy competing constraints. To make a Note: Contributed paper, published as part of the Proceedings of the 21st Topical Conference on High-Temperature Plasma Diagnostics, Madison, Wisconsin, USA, June 2016. a) Author to whom correspondence should be addressed. Electronic mail:
ma8@llnl.gov direct measurement of the temperature of the hot core, the dopant must be added uniformly to the fuel constituting the hot-spot. In the case of a symcap implosion, which is filled with a gas, this means a dopant in gaseous form must be used. The dopant should preferably be non-toxic (for ease of fielding) and single species (for more straightforward interpretation of spectra). The dopant element must further have line emission that can escape the high areal density shell with minimal attenuation. Krypton (Z = 36), an inert noble gas, with K-shell lines >13 keV (see Fig. 1 ) fulfills these requirements. In selecting a dopant fraction, the quantity of this dopant pre-mixed into the fuel gas must be high enough that enough characteristic line emission x-ray photons are produced to be detected by the diagnostics, but not so high as to significantly perturb the hot-spot dynamics (due to radiative cooling 10, 11 or kinetic effects 12 ). Further, there must be minimal self-opacity of the lines of interest.
The multi-dimensional non-local thermodynamic equilibrium (NLTE) atomic kinetics/radiation transfer code Cretin 13 was used to estimate the expected signal variation with dopant level for representative symcap implosions modeled with HYDRA.
14 Based on this work, it was found that 0.01-0.03 at. % Kr dopant in the fill gas of a symcap was an adequate starting place, with the Kr He-β line becoming optically thick above those levels.
Besides the ability to escape the compressed shell, in order to be diagnostically useful, the chosen Kr lines should have an intensity ratio adequately sensitive over the range of expected implosion temperatures. From population kinetics FLYCHK 15 simulations, the Kr He-like (He-β and dielectronic satellites on the lower energy side of the He-β) to Li-like ratio is found to increase 5× over a T e change from 2 to 4 keV, with only marginal sensitivity to electron density over the range of 5 × 10 stagnation), so can serve as a good diagnostic. See Fig. 2 for ratio sensitivity.
B. Experimental setup
The considerations for the platform design included choosing a low mix, round implosion in order to reduce x-ray emission due to higher-Z contamination (from hydrodynamic mix of the ablator) 16 into the hot-spot. A high hot-spot temperature, and low ablator areal density (ρR) to minimize ablator opacity were also desired. An existing HDC (high density carbon) subscale symcap platform 17, 18 was chosen, using an undoped HDC shell of 64 µm thickness, 908 µm outer radius, in an Au hohlraum of 5.75 mm diameter, 10.1 mm length (Fig. 3) . The implosion was driven with a 900 kJ, 300 TW laser pulse with 3 shocks. The hohlraum fill gas was "near-vacuum" of 0.03 mg/cc 4 He, and the capsule fill was 4.5 mg/cc DD (D 2 , Deuterium) with the trace levels of Kr. The 4.5 mg/cc fill is lower than the nominal symcap fill density of 8.5 mg/cc to allow the implosion to converge more and achieve higher hot-spot temperatures. Stagnation of the Au plasma bubble from ablation of the inside wall of the hohlraum was not found to be an issue in the platform, avoiding issues of the Au potentially blocking x-ray emission from the capsule.
The fielding temperatures for the experiment must be chosen to ensure the Kr does not condense out of the gaseous state while in the capsule. Thus, in the series of experiments described here, as the Kr dopant fraction is varied at 0.01 at. %, 0.02 at. %, and 0.03 at. %, the fielding temperatures are set to 78 K, 80 K, and 82 K, respectively. The gas mixture of the delivered gas bottle was characterized by mass spectrometry prior to installation on the target fielding gas manifold and filling of the capsule. The mass spectrometry composition of Kr is calculated from the Kr-84 peak and a 2% Kr calibration sample. The actual Kr gas mixtures delivered for the experiments were 0.009 ± 0.0005 at. %, 0.022 ± 0.001 at. %, and 0.027 ± 0.003 at. %. The absolute error on the level of Kr reported is ±10%.
The x-ray emission was recorded with the NIF X-ray spectrometer (NXS). 19 The NXS consists of a singly curved elliptical Bragg crystal, and for this set of experiments covered a spectral range of 10.8-18.2 keV at a resolving power E/∆E of ≥60. Three separate channels are simultaneously run on the NXS, allowing for different filtrations and the establishment of spectral dispersion by the use of the filter K-edges. For each of the three shots in this series, the NXS returned timeintegrated spectra on imaging plate. Additionally, on the two higher dopant level shots, the NXS was also coupled to a DIM Insertable Streak Camera (DISC) 20, 21 to provide time-resolved spectra with ∼100 ps temporal resolution in addition to the two time-integrated channels.
Further, standard x-ray imaging with pinholes onto the gated framing cameras provided time-resolved hot-spot shape and low-mode shape swings, 22, 23 while image plates recorded differentially filtered images for shape and a coarse T e from x-ray emission.
24,25 X-ray bang time and burnwidth was provided by the SPIDER (Streaked Polar Instrumentation for Diagnosing Energetic Radiation), 26 while the Wedge Range Filters (WRF) 27 gave an independent measure of total ρR along two lines of sight. A suite of neutron time-of-flight (NTOF) diagnostics 28, 29 provided nuclear metrics of DD yield and ion temperature (T ion ), and a particle-time-of-flight (PTOF) 30 gave a DD-compression bangtime.
III. RESULTS AND DISCUSSION
With increasing Kr dopant fraction, it was found that DD neutron yield, ion temperature, and x-ray burnwidth decreased, consistent with enhanced radiative cooling due to the increased fraction of high-Z dopant. The overall convergence of the 90-78 x-ray TI image X-ray P 0 (TI) (µm) 69.4 ± 1.7 66.2 ± 1.0 52.8 ± 6.8 48.1 ± 0.5 X-ray P 2 /P 0 (TI) (%) −10.6 ± 1.7 6.2 ± 0.8
implosion also increased as a function of level of Kr. See Table I for the measured performance metrics listed. A subsequent publication will explore in greater detail the effects of this Kr premix on burn in an integrated ICF implosion, and here we will instead focus on the spectral data.
In an indirect-drive platform, care has to be taken to isolate x-ray emission from the region of interest (in our case the capsule hot-spot), as the hohlraum itself serves as a very bright, long duration x-ray source. In the initial experiment using 0.01 at. % Kr in the DD gas fill, only time-integrated spectral data were acquired using NXS viewing the implosion from the north pole (00-00) through the upper laser entrance hole (LEH). The Kr He-α complex could be identified; however there was a strong contribution from the Au hohlraum plasma. Au (L-shell) lines dominated the spectra, and the high level of background accentuated the crystal artifacts producing artifacts in the spectra.
For the follow-on experiment using 0.02 at. % Kr, the DISC was utilized on the central channel of the NXS to time-gate the implosion and thus separate the hohlraum emission from the capsule emission. The NXS again viewed the implosion through the 00-00 line of sight. The raw data are shown in Fig. 4(b) , compared to the simultaneously collected time-integrated data in Fig. 4(a) . As can be seen, the hohlraum emission follows the laser pulse and disappears soon after the laser turns off. The Kr emission does not appear until 1 ns later, after the capsule has converged, and the hot-spot forms at high temperature and density around peak compression. Here we are able to identify Kr n = 3-1 and n = 2-1 lines. The overall duration of the Kr emission of ∼250 ps is consistent with the x-ray burnwidth measured from other diagnostics.
In the final experiment using 0.03 at. % Kr, the NXS was moved to an equatorial line-of-sight at (90, 315). A hole was cut out of the Au hohlraum wall and replaced with a highdensity carbon window of 160 µm thickness to transmit the x-ray emission from the capsule at stagnation. The window did not have an Au coating. From this view, the acquired spectra were very clean, with prominent Kr lines, and no strong Au lines, even on the time-integrated, in contrast to the 00-00 view. This is likely due to the fact that for the period of time where the lasers are on, the capsule overfills the window, so Au emission from the far side of the hohlraum is blocked from reaching the detector. The capsule does not begin accelerating inward until the lasers turn off, where (as demonstrated by the second shot) the Au quickly cools and stops radiating. This demonstrates the viability of doing spectroscopy (even time-integrated) on the equatorial axis.
In summary, time-resolved krypton K-shell line emission has been observed in indirectly driven ICF implosions, and can serve as a useful diagnostic to probe regions of interest. We are developing expertise in x-ray spectroscopy with a near-term focus on measuring the electron temperature in Kr-doped, gas-filled symcaps. The principal goal has been met to demonstrate that the NXS spectrometer can measure Kr line spectra in this platform. The experimental measurements will be used to optimize the platform for future spectroscopic measurements of integrated ICF implosions on the NIF and to develop T e extraction techniques.
The results of these shots are also being used to drive improvements to future platform fielding. This includes increasing the implosion temperature to optimize charge balance and enhance He-β emission, and improving the spectrometer to have higher spatial resolution. Better constraints on the models used in predictive simulations will require direct density and temperature measurements through line-ratio, Doppler-broadened, and Stark-broadened measurements of dopants in the hot-spot enabled by highresolution spectrometers.
